influence of a radial porosity and velocity profile on the predicted temperature and concentration profiles in wall-cooled packed beds is studied, with and without an exothermic first-order chemical reaction, on the basis of literature correlations for the effective transport coefficients. Furthermore, values for the effective heat transport coefficients are obtained from "cold-flow" experiments by means of model fitting, with and without taking the radial velocity profile into account. The radial porosity and velocity profiles are approximated by a step-function, which is referred to as the "two-region model". It is shown that the effective radial heat conductivity can be taken constant over the radius, despite the wall effect. Nevertheless, the influence of a radial superficial velocity profile can be significant through the convective term in the heat balance, especially for low tube-to-particle diameter ratios. The predicted NTU can increase the order of 20% for high values of the Reynolds number and up to 100% for low values. This is confirmed by the results obtained from the model fitting. In case of a first-order exothermic reaction, significantly higher values for the hot-spot temperatures are predicted, if a radial porosity and velocity profile is incorporated in the heat and mass balances. This is found to be mainly caused by the non-uniform distribution of active catalyst over the radius, due to the porosity profile.
IN' I' BODUCTION
Wall-cooled or wall-heated tubular reactors are often used in industry to carry out highly exothermic or endothermic, heterogeneous gas-solid reactions. Until now, it has not been possible to design these reactors on the basis of kinetic experiments, cold-flow experiments and computer calculations alone [see, e.g., Paterson and Carberry (1983) , Eigenberger and Ruppel(1985) and Feyo de Azevedo et al. (1990) ]. The available mathematical models are not believed to be reliable enough, nor the experimental data for the parameter values to be used. A large spread is observed in the experimental values for the heat transport coefficients as presented by different investigators [see, e.g., Li and Finlayson (1977) , Ziolkowski and Legawiec (1987) , Gunn et al. (1987) , Tsotsas and Schlunder (1990) and Freiwald and Paterson (1992) ], which may be caused by a lack of consistency between the different models and/or experimental apparatus used. When deriving a mathematical model, assumptions have to be made. lf one or more of these are invalid, the model predictions become reference-frame-dependent. An assumption often made is that of a constant porosity and therefore constant velocity over a cross section in a packed bed. Here, the influence of this assumption on the model predictions is looked at in more detail.
Recently, several investigators have studied the influence of the So called "wall channelling" of the gas on the performance of a cooled tubular reactor [see, e.g., Lerou and Froment (1977) , Kalthoff and Vortmeyer (1980) , Eigenberger and Ruppel (1985) ,
'Author to whom correspondence should be addressed. (1991) ]. Usually this is done by numerically solving the momentum balance together with the heat and mass balances for the packed bed. A large influence of the inclusion of this radial velocity profile on the calculated temperature profiles is often claimed, especially with highly exothermic reactions. However, from literature it is not clear what phenomenon really causes the observed influence. Is it the presence of a radial superficial velocity profile, the radial distribution of active catalyst, or is it the radial variation of the effective heat transport coefficients? Furthermore, it is not clear whether there is any influence to be expected, from the inclusion of a radial velocity profile, on the experimental values for the effective heat transport coefficients, as obtained from packed bed experiments without a chemical reaction.
In this investigation
we will show that the presence of a radial superficial velocity profile influences the calculated rate of heat transport for a packed bed through the axial convection term in the heat balance. We will give several arguments, including experimental, for taking the effective radial heat conductivity as being constant over the radius. Furthermore, we will show the influence of the inclusion of a radial porosity and velocity profile with an exothermic reaction, to be mainly caused by the assumption of a radial distribution of active catalyst.
THEORETICAL BACKGROUND
If heat, in a wall-cooled packed bed without reaction, is transported radially by a dispersion mechanism, and if the gas velocity and heat transport parameters are constant over the radius, the radial temperature profile has a parabolic shape. However, co-workers (1972, 1977) presented experimental radial temperature profiles with several regions near the wall of the tube, in which a flattening of the radial temperature profile occurs. This was attributed to a higher local gas velocity, referred to as "wall channelling" of the gas, supposedly leading to higher values of the heat transport coefficients. In order to qualitatively study the influence of this phenomenon on the model predictions for wall-cooled packed beds, with and without reaction, we use a simple model. The packed bed is divided into two regions, each with a different but constant porosity and superficial velocity, and with its own value for the effective radiat heat conductivity [see also Martin (1978) and Tsotsas and Schlunder (1988) ]. Furthermore, a wall heat transfer coefficient is assumed at the wall. This is a simplified version of the "wall heat transfer (WHT) model" as presented by Vortmeyer and Haidegger (1991) . The step functions for the porosity and velocity are shown in Fig. 1 . The porosities and superficial velocities in the core-and wall-region and the width of the wall-region are calculated from the radial profiles as given by Vortmeyer and Schuster (1983) . This is shown in Appendices A and B. With these simplifications it is possible to solve analytically the heat balance for a wall-cooled packed bed without chemical reaction, using the Laplacertransform and (W P- complex inversion formula. We refer to this as the two-region model, which is not to be confused with the models introduced by Botterill and Denloye (1978) , and Gunn et ~2. (1987) . They also consider a wall and a core region, but in their models the wall region is small and used to describe the sharp decrease in effective radial heat conductivity close to the wall, which is an alternative to using a wall heat transfer coefficient.
The two-region model without a chemical reaction The influence of a wall effect, as depicted in Fig. 1 , on the predicted temperature profile, is first studied for a hot gas that is cooled down in a wall-cooled packed tube, without reaction. For this system the following assumptions are made: -the system is in steady state, -the system is considered to be pseudohomogeneous, -there is no axial dispersion of heat, -there is no free convection of heat, -there is no radiation, -the pressure is constant in the packed bed, -the wall temperature is constant and -the physical properties of the gas and solid are independent of temperature. With plug flow for the gas, the well known pseudo-homogeneous two-dimensional one-region model holds: See the notation for the significance of the symbols used. From eq. (3) it follows that the temperature in a wall-cooled packed bed is described by two model parameters Boz, and Eli,, which contain two heat transfer properties, the effective radial heat conductivity A,,, and the wall heat transfer coefficient a,. In literature it is sometimes argued that the use of the latter coefficient should he avoided, because it has no physical meaning for low gas velocities [see Tsotsas and Schlunder (1990) ]. But, due to the fact that in our modelling the effective radial heat conductivity is taken constant in the wall region, we need this wall heat transfer coelbcient to account for the increased heat transfer resistance very close to the wall. In case the velocity profile is approximated by two different velocities, the following two-region model is 
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and where y is the width of the core region and q,, is the quotient of the effective radial heat conductivities in the core region and the wall region. Solving this set of equations yields
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In these equations Jo and J, are Bessel functions of the first kind and Qo, PO and P, are cross-products of Bessel functions [see Abramowitz and Stegun (1972) and the notation], and, further, ~1 = (Mz/=e:)* For the two-region model, the temperature profile in a wall-cooled packed bed is described by five model parameters: BoI& Bol$, Bi,, y and q,,. If the velocity profile is known, y can be calculated and only qr, BoI$, Bo%F and Bi, remain, containing the three heat transport coefficients a:,,, a& and a,.
The influence of the presence of a radial velocity profile on the performance of a wall-cooled tube, can be judged by comparing the number of heat transfer units NTU for the two models. This number can be calculated according to
in which (0) 1" _ 1 is the so called "mean-cup" averaged temperature at the exit of the packed bed, given Reynolds number Re& the number of particles on a diameter N and the tube slenderness I. For the cES 49:6-E superficial velocity and porosity in the wall-and coreregion, the relations proposed by Vortmeyer and Schuster (1983) are used. For the effective radial heat conductivities, A,,,, the relation given by Zehner and Schlunder (1970, 1973 ) is used and for the wall heat transfer coefficient tl, the relation given by Wellauer et al. (1982) is used. Because there are no literature relations available for effective heat conductivities in the wall-and core-region separately, we assumed the relation given for a packed bed as a whole can also be used in the two regions individually, using the superficial velocity and porosity for these regions.
The two-region model with a chemical reaction
The influence of the wall effect, as depicted in Fig. 1 , on the temperature and conversion profiles, is also studied for an exothermic first-order reaction, A -+ V~ P, carried out in a cooled tubular reactor with a uniform wall temperature. For this system the same assumptions are made as in the previous section, together with the assumption that the superficial velocity is constant in axial d-irection, which is in principle only valid for constant density and thus vg = 1, see Bos and Westerterp (1990) . For the two-region model the following mass and heat balances can be derived for the core region: We)
The two Da* numbers incorporate both the differences in superficial velocity, as well as the effect of a difference in the amount of catalyst per unit of reactor volume, due to the difference in porosity (see the notation). The two go?? numbers incorporate both the differences in superficial velocity and the differences in effective radial heat conductivity. By introducing Bo&T. = Bozff, Da: = Da:, qh = 1 and ql, = 1 into eqs (11) and (12), the partial differential equations for the one-region model are obtained again.
The partial differential equations are non-linear and therefore, cannot be solved analytically. A numerical method is applied, using a fourth-order Runge-Kutta method in the axial direction together with a collocation method in radial direction, see Villadsen and Stewart (1967) , with four interior points at 0.394y, 0.803y, y and y + 0.577(1 -y), respectively.
From eqs (11) and (12) Zehner and Schlunder (1970, 1973) and Wellauer et al. (1982) and the relation of Fahien and Smith (1955) for the effective radial mass dispersion coefficient D,,,. The one-region model can now be compared to the two-region model on the basis of the calculated temperature in the hot spot.
MODEL FITTING AND EXPERIMENTAL SET-UP

Model fitting to experimental temperature pro3les
Besides performing model calculations, based on literature relations for the effective heat transport coefficients, the one-and two-region models without a chemical reaction are also used to obtain experimental values for these coefficients by fitting the model solutions to experimentally obtained temperature profiles. By fitting the one-region model to the measured axial and radial temperature profiles, values for the effective radial heat conductivity A,,, and the wall heat transfer coefficient CL, are obtained. But, for the two-region model, several possibilities exist to obtain best fit values for the heat transport coefficients. In principle, it is possible to fit all five model parameters simultaneously. However, the shape of the radial temperature profile is not much affected by a radial velocity profile and, thus, it is hardly possible to obtain reliable values for the parameters describing this velocity profile in this way. Therefore, the basic velocity profile has again been taken from Vortmeyer and Schuster (1983). Although they measured velocity profiles for spherical particles only, we used their data also for non-spherical particles, like cylinders and Raschig rings. This may lead to erroneous parameter values, but still enables us to evaluate the influence of the higher gas velocity in the wall region. Consequently, only the three coefficients A:,,, Q', and Q, are fitted for the two-region model. If the effective radial heat conductivity is taken constant over the radius, A:,, = ,Q",, the two-region model yields only two parameters I,,, and ct,. The model fitting is performed by minimizing a chi-square target function which is given by In eq. (14) n is the number of measured temperatures, Bi is the experimentally obtained temperature, 0 (p,w,l,,,~,) is the value predicted by the one-region or the two-region model and Ui is the standard deviation for the measured temperatures. The chisquare target function is minimized by using a downhill simplex method in multidimensions with different starting points [see Press et al. (1989) -J.
Experimental set-up
The experimental set-up to measure radial and axial temperature profiles contained three stainless steel wall-cooled tubes, with a length of 1.33 m and inner diameters of 44.9, 63.5 and 99.0 mm, respectively. The tubes were filled with a packing and cooled at the wall with water of about 283 K, flowing through a jacket. Upwards flowing hot air of about 333 K was cooled down in the tubes. The radial temperature profile was measured in the packed bed near the top, with 7-15 K-type thermocouples of 0.5 mm diameter, fixed in a rectangular rod of 2 x 2 mm, which was placed radially through the centre of the packed bed. The rod consisted of a low-conducting, fibre-reinforced epoxy-resin with I, = 0.6 W/m K, so that the measured temperatures were not influenced by conduction through the rod [see, e.g., Dixon (1988) and Wijngaarden (1988) ]. The temperature of the gas at the inlet of the packed bed, the coolant temperature at the inlet and the outlet, the pressure before and after the bed and the gas flow rate were also measured. The bed length in the tubes could be increased by lowering the piston in the bottom of the tubes and adding extra packing material at the top, keeping the top of the packing at the same place in the tube. By changing the bed height in this way it was possible to obtain radial temperature profiles at different axial positions or bed lengths. The tubes were also designed such that the bed could easily be repacked, by fluidizing the packing for a short time. In this way several radial temperature profiles were determined for the same experimental conditions, and these were averaged to one mean profile. Care was taken that the bed height, and thus average bed porosity, was always the same for one experimental series.
All experiments reported here have been performed with air at atmospheric pressure, for which the following physical properties at 1 bar and 313 K were used: pe = 1.13 kgmm3, Cp,= 1014Jkg-'K-l, Q,= 19.0410-6Pasand&=0.027Wm-'K-'.The pressure drop over the packed bed was always below 0.1 bar and therefore neglected. Different kinds of packings were used, e.g. glass spheres of d; = 3.7 and 7.2 mm, porous alumina cylinders of d; = 5.9 mm and porous alumina Raschig rings of d; = 6.2 mm. Only the results for the glass spheres will be presented here. The measured average bed porosities sb are given in Table 1 for the different tubes and glass spheres used. For a more detailed description of the measuring procedure and packings used, the reader is referred to Borkink (1991) and Borkink and Westerterp (1992).
RESULTS OF THE MODEL CALCULATIONS AND THE
MODEL Fll-llNG
Model calculations without a chemical reaction Several temperature profiles were calculated for the one-and two-region models, using literature relations for the heat transport coefficients on the basis of the superficial velocity. Although, a difference in effective radial heat conductivity between the core and wall region is predicted by the literature relations, there was no significant flattening observed of the radial temperature profile near the wall. In fact, it became impossible to obtain any flattening of the radial temperature profile, when using literature relations for the heat transport coefficients. The ratio of the heat conductivities in the core and the wall region qr was always between 0.5 and 1.2. Only very small values for qk, say < 0.2, would lead to some flattening of the radial temperature profile near the tube wall. In Fig. 2(a) , calculated values of the NTU, for the two models, are given as a function of Re; and for certain values of the number of particles on a diameter N and tube slenderness I. It should be noted that the effective radial heat conductivities in the core and the wall region are taken to be the same. The results hardly change if the heat conductivities in the two regions are not taken to be equal. Thus, the difference in NIV for the two models is the result of the difference in superficial velocity in the two regions, and not the result of a difference in heat conductivity. In Fig.  2(b) , the differences in NTU for the two models are given. The difference in N TU for N = 5 being smaller than that for N = 10 and N = 20 is due to the behaviour of the predicted velocity profile for low values of N (see Appendix B).
Model fitting without a chemical reaction
The experimental approach led to a vast amount of results, which will now be partly discussed. In Fig. 3(a) , an example is shown of an averaged, experimental temperature field. This temperature field is used to determine the heat transport parameters, by fitting the two models to these profiles. In Fig. 3(b) , the differences between the measured and best fitting profile are shown. Because, the temperatures measured very close to the wall were probably influenced by conduction to this wall [see ] they were never used for fitting the models. In Figs 4 and 5, the best fit values for the dimensionless heat transport coefficients are given for the different tube nos I and III and for the glass spheres type A or B (see Table 1 ) as a function of the Peclet number. Although the type of gas was not changed, a Peclet number is used in accordance with the results of, e.g., Agnew and Potter (1970) and Olbrich and Potter (1972) . In Fig. 4 , they are given for the one-and two-region model with two parameters A,, and a,, respectively and, in Fig. 5 , they are also given for the two-region model with three parameters A:.,, dz, and a,. The two-region model with different heat conductivities in the core and the wall region has not been applied to tube I with D, = 49.9 mm and tube II with D, = 63.5 mm, because for these tubes only six radial temperatures were available for the fitting. With such a small number of radial temperatures, it was not possible to get realistic values for the effective radial heat conductivity in the wall region and the wall heat transfer coefficient. For tube III with D, = 99.0 mm, the number of available radial temperatures was 14. In the figures, the para- (15) and (16) are given in the, figures. Bo$ is the Bodenstein number for heat if only radial dispersion takes place. Because a chi-square fit is used it is possible to calculate the so called "goodness-of-fit" (GOF) [see Press et al. (1989) ]. This GOF is the probability that the chi-square exceeds a particular value x$. by chance. This probability is calculated using the chisquare distribution for n -m degrees of freedom, where n is the number of measured points and m the number of adjustable parameters. If the GOF is a very small probability for some particular data set, then the apparent discrepancies are unlikely to be accidental fluctuations. In this case, either the model is wrong or the measurement errors are really larger than stated. In Table 2 
Unijorm or radially varying efictive heat conductivity? In Fig. 6 , a radial superficial velocity profile is given as calculated on the basis of the data of Vortmeyer and Schuster (1983) (see Appendix A). On the basis of their correlation for the local bed porosity, it is now possible to calculate an interstitial radial velocity profile using the relation u/u0 = (E~/E)(v/u~). This is also shown in Fig. 6 . The radial interstitial velocity profile is less pronounced than the superficial velocity profile due to the compensating influence of the high porosity near the wall of the packed bed. In fact, Kirillov et al. (1979) and Caycik and Gunn (1988) , who measured the local gas velocity inside a packed bed, found that the interstitial velocity does not significantly vary over the radius. But, if the local interstitial velocity is the same at every location on the radius, u, will still be higher than v,, because E, is higher than cr. The effective radial heat conductivity can now be calculated at every radial position, using the relation of Zehner and S&under (1970, 1973) and using the two velocity profiles, respectively. This is shown in Fig. 7 . On the basis of the superficial velocity, a reasonable difference is found between the effective heat conductivities in the core and the wall region. However, if the interstitial velocity is used, the difference is reduced significantly. Because, for high gas velocities, the rate of radial heat transport in packed beds is probably determined by the actual local velocity, we feel that the effective radial heat conductivity can be assumed to be more-or-less independent of the radial superficial-velocity profile. Hennecke and Schlunder (1973) followed a similar line of reasoning and came to the same conclusion. So, the effective heat conductivities in the core region and wall region are assumed to be the same, or q,, = 1.
The wall effect with chemical reaction
In Fig. 8 , calculated temperature and conversion profiles for the one-region model are given for selected values of the model parameters. The same profiies for the two-region model are given in Fig. 9 , where the effective radial heat conductivity and the mass disper- sion coefficient are taken constant over the radius. In Figs 10 and 11, the calculated hot-spot temperatures for the two models are given as a function of Re; for constant values of the heat and mass transport coefficients over the radius. Figures 8-10 are calculated for a fast first-order reaction with a moderate heat effect and Fig. 11 is calculated for a slow first-order reaction with a large heat effect, like the oxidation of benzene to maleic anhydride [see Westerink and Westerterp (1988) ] and the oxidation of ethylene [see Westerterp and Ptasinski (1984)], respectively. 
DISCUSSION AND CONCLUSIONS
Model calculations without a chemical reaction
We suggested that the effective radial heat conductivity in packed beds can be taken constant over the radius. Only the additional heat transfer resistance very close to the wall, which is found experimentally, might be incorporated in the effective heat conductivity by a sharp decrease of its value towards the wall. This is in principle equivalent to introducing a wall heat transfer coefficient, except at low Reynolds number [see Tsotsas and Schlunder (1990) ]. Several arguments can be given for taking the effective radial heat conductivity as being constant over the radius:
-First, the influence of the velocity on the value of the effective heat conductivity, an increase of I,,, with increasing o is opposed to the influence of the porosity profile, a decrease of A,, with increasing E. Delmas and Froment (1988) give some functional relations between the local porosity, the velocity and the effective radial heat conductivity. But, the A,,, profiles presented by them are not very pronounced over the radius of the bed due to the opposing effect of porosity and velocity. Only very close to the wall is a sharp decrease in the effective radial heat conductivity observed.
-Second, although the superficial radial velocity profile may be quite pronounced, the interstitial radial velocity profile is less so. If the rate of heat transport in a packed bed is determined by the local velocities, the values of the superficial velocities are not relevant.
-Third, the influence of the calculated temperature profiles of a difference in heat conductivity in the core and the wall region was found to be small, on the basis of literature relations.
-Fourth, there are only a few reports in literature on flattening of the experimentally determined radial temperature profile.
-Fifth, the experimental determination of local values for the effective heat conductivity is hardly possible, as a result of the fact that it is a bed scale parameter.
Recently, Daskowski and Eigenberger (1992) also concluded that the thermal radial conductivity may be considered constant in radial and axial directions, provided a detailed flow model is used.
Taking the effective radial heat conductivity as being constant over the radius does not mean that a wall effect, if present, should not be taken into account when modelling heat transfer in a wall-cooled or wall-heated packed bed. Incorporation of the wall channelling of the gas will increase the predicted number of heat transfer units, due to the influence of the higher volumetric flow rate near the wall. For high Reynolds-particle numbers, of say higher than 500, and a low tube-to-particle diameter ratio, of say smaller than 20, the predicted diEerenoes are in the order of lo-20%, based on literature relations for the transport coefficients. For low values of the Reynoldsparticle number, as for example used in apparatus for measuring kinetic data, this difference can even go up to 100% (see Fig. 2 ). This effect seems to be contradictory to the constancy of the interstitial velocity, but can be explained as follows. The porosity in the core is lower and in the wall region higher compared to the average bed porosity. As the interstitial velocity is constant, more than the average of the gas flow passes through the wall region and less than the average passes through the core. Because the distance to the wall is shorter, the gas flowing through the wall region is cooled more easily. The net effect of this higher flow through the wall region is that the total gas flow is cooled more easily than compared to the average flow rate; consequently, the NTU is higher than would be expected from calculations based on the average flow rate.
Model fitting without a chemical reaction
The differences between the measured and fitted profiles for the one-region model [see Fig. 3(b) ] are randomly distributed over the bed, except at the tube wall. Often the differences between measured and fitted temperatures also increased towards the bed entrance. This is probably due to the fact that the temperature profile at the entrance of the packed bed is not constant over the radius as was assumed for the modelling. This, of course, has an influence on the values for the heat transport coefficients [see Borkink and Westerterp (1993) ]. But, the influence of this entrance temperature profile is neglected here, because the one-region model is only qualitatively compared to the two-region model.
Correcting for the wall effect in the heat balance influences the values found for the heat transport coefficients (see Figs 4 and 5 and Table 2 ). For the two-region model with two fit parameters, being d,, and a,, the effective radial heat conductivity is lowered about 20%, whereas the wall heat transfer coefficient hardly changes. This difference between the one-region model and the two-region model remains more-or-less constant for all velocities and for all three tubes. We estimated the difference in the number of heat transfer units to be about 15% for the conditions used in this study, when a wall effect is, or is not incorporated. This agrees well with the experimental results. We expected the differences between the oneregion and the two-region model to decrease with an increasing number of particles on a diameter and increasing values of Pei. However, this is not observed. Probably the differences in the number of particles on a diameter -N = 8 for tube I to N = 16 for tube III-are not large enough and the values for Peb applied are already too high to notice a trend.
When the two-region model with threeJit parameters x.,. XL and a, is applied, unexpected values for the effective radial heat conductivity in the wall region are found, as can be seen from Fig. S(a) . The effective radial heat conductivity in the wail region is lowered, instead of being increased, whereas the wall heat transfer coefficient is increased. This can be explained by the fact that the measured averaged radial temperature profiles did not show any flattening whatsoever. Because of this, the model uses the extra degree of freedom for correcting for small errors in the measured temperatures close to the wall. The GOF is low for low gas velocities (see Table 2 ). This can either be caused by an underestimation of the standard deviations for the measured temperatures, or the models are not suited for the description of the measured temperature profiles at low gas velocities. The temperature profile at the entrance was assumed to be fiat, but, in practice, it might very well be parabolically shaped. This is expected to be more pronounced for low gas velocities, so the GOF is lowest in that case. From Table 2 , it can also be seen that the GOF is always highest and the mean error lowest for the one-region model. This was nearly always found for all the measurements performed, including those which were performed with alumina cylinders and Raschig rings. This result may be caused by either the non-existence of the phenomenon of wall channelling or by an erroneous description of it. If there is no such thing as a higher superficial velocity at the wall and nevertheless it is incorporated in the modet, this necessarily must lead to a lower GOF.
Some authors [see, e.g., Kirillov et al. (1979) and Caycik and Gunn (1988) ] found that the radial interstitial velocity is constant over the radius. It would require further research to make sure whether there is a pronounced superficial velocity profile present inside the packed bed and, if so, how it should be incorporated in the heat balances for a wall-cooled or wall-heated packed bed and the cooled tubular reactor.
From the preceding, it has become clear that, espycially at low values for Re;, say -E 100, and a small number of particles on a diameter, say < 20, the differences between the values for the heat transport coefficients obtained from a model with and without a wall effect can be very high, up to 50%. For higher values of the Reynolds number, the differences decrease to about 20%.
It should be noted that, if a radial velocity profile is taken into account when heat transport parameters are obtained from cold-flow experiments, it must also be used to calculate the heat and mass transport in a cooled tubular reactor with reaction. Otherwise, the influence OF the radial velocity profile is only lumped into the heat transport parameters and the reactor calculations will yield erroneous results.
Model calculations with a chemical reaction
The incorporation of a porosity and velocity profile in the heat and mass balances results in a significant change in the predicted temperature profiles for a cooled tubular reactor. The wall effect changes the value of the calculated hot-spot temperature, as was also found by Lerou and Froment (1977) , Kalthoff and Vortmeyer (1980 ), Gatica et al. (1989 and Vortmeyer and Haidegger (1991) . This is partly due to the lower superficial gas velocity in the centre of the bed, but the effect of the higher amount of catalyst-and therefore reaction rate per unit of volume-present in the core-region, because of the lower porosity, is much more pronounced. The differences in calculated hot-spot temperatures for the one-region and two-region model can be as high as SO%, if compared to the coolant temperature. For conditions which correspond to practice, the differences in calculated hot-spot temperatures are in the order of 15-20%. These figures were calculated based on literature relations for the heat and mass transport coefficients and assuming these to be constant over the radius. If the effective radial heat conductivity is not taken constant over the radius, slightly larger differences are found. If the reactor is even more close to runaway-a situation often looked at in literature-the differences are still larger. But, it should be noted that, in that case, every minor change in one of the model parameters has a great impact on the results.
So, for the modelling of cooled tubular reactors, the inclusion of a wall effect, especially the radial porosity profile, may be very important. But, more research is needed to determine whether there is a significant change in superficial velocity over the radius in, and not only above, the packed bed, and, if so, how to incorporate this in the heat and mass balances. If it is present, it should be taken into account, but the effective radial heat conductivity can bc assumed to be constant over the radius. There IS a maximum in the ratio in the region between 5 and 15 particles on a diameter. For a large nurnbcr of particles on a diameter, the influence of a wall effect on the heat transport in cooled tubes vanishes due to a small value of the volume fraction taken up by the wall region; for a small number of particles on a diameter also, it vanishes because the value of v,/v= approaches unity.
